We investigated the genetic structure of perennial colonies of the yellowjacket wasp (Vespula germanica) in its introduced range in Australia and New Zealand. The nuclear genotypes of 712 gynes from 21 colonies, 147 workers from 5 colonies, and 81 males from 4 colonies were assayed at three polymorphic microsatellite loci. The mitochondrial haplotypes of all wasps also were determined for a 450-bp region of the mtDNA using doublestranded conformational polymorphism (DSCP) analysis. We found that multiple reproductives were needed to explain the genotypes of gynes, workers, and males in 7 of 21, 2 of 5, and 2 of 4 colonies, respectively, and that nestmate relatedness of these three castes equaled 0.42, 0.16, and 0.22, respectively. The mitochondrial data revealed that all individuals shared the same mtDNA haplotype in 20 of the 21 colonies. However, in one colony, gynes and workers displayed multiple mtDNA haplotypes, indicating that nonnestmate recruitment had occurred. Overall the genetic structure within the majority of perennial colonies conformed to expectations based on the biology of V. germanica and kin selection theory for polygyne colonies; multiple reproductives successfully produced offspring and were recruited into their natal nests, thereby maintaining relatively high relatedness between interacting individuals.
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Eusocial insect colonies are frequently headed by multiple reproductive queens (Crozier and Pamilo 1996) . One explanation for the evolution of multiple-queen (polygyne) colonies is that environmental pressures place constraints on independent colony founding and lead to selection on queens to remain in their natal nests or enter already established nests ( Herbers 1993; Pamilo 1991) . These selective constraints probably vary between habitats. Thus eusocial insects in novel environments may experience new selection pressures, which may lead to variation in colony queen number.
The eusocial wasp Vespula germanica (commonly known as the European wasp or the German yellowjacket) shows differences in colony queen number, which are apparently related to environmental conditions (Spradbery 1973) . In native populations found in the cooler regions of Europe and Asia, V. germanica colonies are headed by a single queen and display an annual life cycle (Greene 1991) . However, in the warmer climates of the wasp's native and introduced ranges, colonies may persist for more than a single season ( Harris 1996; Plunkett et al. 1989; Spradbery 1991) . These perennial, overwintering colonies exhibit many important differences from the annual colonies from which they are derived (reviewed in Greene 1991; Spradbery 1991) . For example, they grow much larger than annual colonies; whereas annual colonies may contain a few thousand workers, perennial colonies may contain well over 100,000 workers. Perennial colonies also continue to produce sexual offspring throughout the winter and then revert to worker production in the spring. Finally, of particular significance to this study, perennial colonies may be headed by multiple queens, with hundreds of such reproductives present in some cases.
The purpose of this study was to investigate the effects of polygyny on the genetic structure of perennial V. germanica colonies. Specifically we assayed the nuclear and mitochondrial genotypes of wasps to ascertain if multiple queens or workers successfully contributed to offspring production and to determine the genetic relationships of nestmates. We expect that multiple reproductives will be active within colonies and that nestmates will be closely related, thereby maintaining conditions that allow workers to obtain relatively high inclusive fitness benefits.
Methods
Mature reproductive queens and prereproductive females ( jointly denoted as gynes), workers, and males were collected from overwintering nests from 12 populations in the introduced range of V. germanica in Australia and New Zealand ( Table  1 ). In total, 33.90 Ϯ 12.04 (x Ϯ SD) gynes were sampled from 21 nests, 31.40 Ϯ 12.64 workers were sampled from five nests, and 20.25 Ϯ 13.82 males were sampled from four nests. The nuclear genotype of each wasp was assayed at three microsatellite loci: Rufa 5, Rufa 18, and Rufa 19 (Goodisman et al. 2001) . Allele frequencies within populations were calculated using the program Relatedness 4.2 (Queller and Goodnight 1989) , and the expected hetero-
, where p i is the average frequency of allele i across all 12 populations, was used as a measure of the variability for each of the nuclear markers.
The nuclear genotypic data were analyzed to determine if more than a single queen (mated egglayer) contributed to the production of gynes or workers within nests, and if multiple gynes or workers produced males (Vespula gynes and workers, which are diploid, may only be produced by queens, but males, which are haploid, may be produced by both gynes and workers; Spradbery 1991). Multiple queens were deemed responsible for gyne or worker production within colonies if the sample of gynes or workers displayed at least three distinct genotypes that shared no alleles at any locus. Multiple gynes or workers were judged as contributing to male production within colonies if the sample of males displayed at least three different alleles at any locus. The relatedness of nestmate gynes, workers, and males was estimated using RELATEDNESS 4.2 (Queller and Goodnight 1989) . Differences in allele frequencies across populations were taken into account by using the ''deme'' function. Groups (colonies) were weighted equally and standard errors for estimates were obtained by jackknifing over colonies. Double-stranded conformation polymorphism ( DSCP) analysis was used to determine each wasp's haplotype at a PCR-amplified mitochondrial DNA (mtDNA) fragment (Atkinson and Adams 1997) . Genomic DNA for PCR amplification was extracted from single V. germanica legs using a variation of the Chelex protocol as described by Crozier et al. (1999) . An approximately 450 bp fragment of mtDNA, which spanned the intergenic spacer region between cytochrome b and ND1, was amplified using the degenerate primers CB3Ext and tRs2 (Chiotis et al. 2000) . To visualize the fragment, the primer CB3Ext was first end-labeled with [␥ 33 P]-ATP. PCRs were then carried out in a final volume of 10 l containing 2 l of genomic DNA, 0.4 U Taq DNA polymerase, and a final concentration of 167 M dNTPs, 0.8 M of unlabeled tRs2, 0.2 M of unlabeled CB3Ext, 0.06 M of radioactively end-labeled CB3Ext, and 1ϫ Promega buffer (with 1.5 mM MgCl 2 ). The PCR cycling profile began with an initial denaturation at 94ЊC for 2 min and then proceeded with 35 cycles of 93ЊC for 30 sec, 35ЊC for 30 sec, and 72ЊC for 1 min, followed by a final extension of 72ЊC for 10 min. PCR products were electrophoresed on a 5% glycerol, 1ϫ TBE, 9% nondenaturing polyacrylamide (39:1 acrylamide:bis-acrylamide) gel at a constant power of 10 W for about 24 h at room temperature. The individual mitochondrial haplotypes were scored after exposing the dried gel to Kodak film overnight. The mitochondrial data were then examined to determine if nestmates shared the same haplotype, a result that would be consistent with all nestmates being descended from the single, original, founding queen of the colony. In contrast, the presence of at least two mitochondrial haplotypes signaled that wasps were part of at least two extended maternal lineages. In cases where multiple haplotypes were detected, an allelic probability test as implemented by the program GENEPOP 3.2 (Raymond and Rousset 1995) was used to determine if wasps possessing distinct haplotypes differed genetically at their microsatellite loci. We also used a G-test of independence to ascertain if the mtDNA haplotype frequencies differed among castes.
Results and Discussion

Reproductive Patterns
The three nuclear loci Rufa 5, Rufa 18, and Rufa 19 exhibited 6, 9, and 9 alleles, respectively ( Table 2) , and their associated expected heterozygosities (H) equaled 0.56, 0.66, and 0.74. Thus the markers displayed sufficient variation for studying the reproductive processes occurring within polygyne V. germanica colonies.
We first examined the nuclear genotypic data directly to determine if multiple reproductives were active within colonies. Our analyses indicated that at least two queens were necessary to explain the genotypes of gynes in 7 of the 21 colonies and of workers in 2 of the 5 colonies. Moreover, multiple gynes or workers were responsible for the production of males in two of the four colonies from which males were obtained ( Table 2 ). These proportions probably represent an underestimate of the fraction of nests containing multiple reproductives, because the genetic markers we used displayed limited variation and the number of wasps sampled per nest was finite. Moreover, our ability to detect multiple reproductives was further diminished because nestmates were related. These problems also prevented the accurate estimation of the actual number of reproductives that were active within colonies.
Previous studies in Vespula found that many gynes within perennial nests were inseminated or possessed well-developed ovaries (Ross and Matthews 1982; Ross and Visscher 1983; Ratnieks and Miller 1993; Ratnieks et al. 1996; Vetter and Visscher 1997) . In addition, the large number of wasps within some perennial Vespula nests strongly suggested the presence of multiple reproductives (Greene 1991; Spradbery 1991) . Thus the genetic confirmation that multiple queens produced offspring within these nests was not unexpected.
Genetic Relationships of Nestmates
The relatedness (ϮSE) of nestmate gynes, 0.42 Ϯ 0.095, differed significantly from 0.0 (t 12 ϭ 4.65, P Ͻ .001) and 0.75 (t 12 ϭ 3.22, P ϭ .0072), the values expected if all gynes were unrelated or full sisters, respectively. V. germanica queens normally mate with multiple males (Goodisman MAD, et al., unpublished data) . Thus the relatedness estimate indicated that nestmate gynes were close relatives. This result conforms to previous findings in other polygyne wasps, where nestmate queens were usually significantly related (reviewed by Crozier and Pamilo 1996) . The estimates of worker relatedness (0.16 Ϯ 0.12) and male relatedness (0.22 Ϯ 0.10) were both based on relatively few colonies. Consequently we did not possess sufficient power to determine if the worker and male values differed significantly from zero. Nevertheless, the relatively high relatedness of gynes suggests that polygyny does not necessarily lead to a rapid decline in nestmate relatedness in perennial V. germanica colonies.
Analysis of the mitochondrial DSCP uncovered two distinguishable haplotypes, hereafter denoted as fast (F) and slow (S), within the population ( Table 2 ). The estimated frequencies of F and S across all populations combined equaled 0.45 and 0.55, respectively. We studied the distribution of mitochondrial haplotypes within nests to detect the presence of multiple, (mtDNA) for gynes (G), workers (W), and males (M) sampled from 21 extended, maternal lineages. We discovered only a single colony where wasps segregated for both the F and S haplotypes (colony 9; Table 2 ). As was the case with our test for multiple reproductives (see above), the modest level of variation at the mitochondrial locus and finite sample sizes taken from each colony resulted in limited power to detect multiple extended maternal lineages. Consequently some colonies possessing such lineages probably remained undetected. The allelic probability test confirmed that both gynes and workers from colony 9 that possessed distinct haplotypes differed genetically at their nuclear loci (P Ͻ .001 for both castes), a result consistent with the presence of multiple extended maternal lineages within the colony. Examination of the genotypes of gynes and workers within each matriline revealed that the nuclear genotypes of wasps with the F haplotype could parsimoniously be explained by the presence of a single queen. However, at least two queens were necessary to account for the genotypes of wasps possessing the S haplotype. The frequency of the F haplotype among gynes and workers in colony 9 was 0.45 and 0.28, respectively. These frequencies did not differ significantly (G 1 ϭ 1.92, P ϭ .17), which suggested an absence of reproductive skew among the queens within this colony.
At least three mechanisms could lead to both gynes and workers within colonies possessing multiple mitochondrial haplotypes. First, two queens with different mitochondrial haplotypes could have cofounded the perennial colony, and these queens could have then coexisted in a polygyne association. This explanation, however, is inconsistent with the known biology of V. germanica. Annual colonies, from which perennial colonies are necessarily derived, are initiated and headed by only a single queen (Greene 1991) .
The second explanation for the presence of multiple mitochondrial haplotypes within a single colony is that many unrelated gynes and workers joined an already established colony. Previous genetic studies in V. germanica failed to detect the acceptance of nonnestmate workers in annual colonies (Goodisman MAD, et al., unpublished data) . However, evidence from the honeybee (Apis mellifera) supports the hypothesis that workers and males may be accepted into foreign colonies (reviewed by Moritz and Neumann 1996) . Thus, although this explanation seems unlikely in V. germanica, it cannot be rejected conclusively.
Finally, one or few nonnestmate queens (as opposed to many gynes and workers) may have entered the nest and subsequently produced new gynes and workers. Evidence for this behavior in polygyne Vespula already exists. In two cases, several queens were discovered in colonies that apparently had not started producing sexuals. Consequently it was suggested that these queens originated from foreign colonies (Ross and Matthews 1982; Spradbery 1991) . The patterns of queen recruitment in Vespula thus parallel those observed in some ants, in which colonies occasionally present more than one mitochondrial type, indicating the infrequent immigration of unrelated females (e.g., Carew et al. 1997; Stille and Stille 1992; Tay et al. 1997) .
Conclusion
This study examined the genetic structure of perennial colonies of the introduced wasp V. germanica. The genetic data indicated that multiple functional queens frequently headed these colonies. Also, nest-mate gynes were closely related and all wasps usually belonged to a single extended matriline presumably originating from the original founding queen. The overall structure of perennial V. germanica colonies was broadly consistent with expectations based on kin selection theory within polygyne colonies. Multiple queens successfully reproduced, and new queens were usually recruited into their natal nests so that workers raised relatives and received high inclusive fitness benefits.
